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The Tevatro” Collider energy is held co”sta”t at 
150 GeV far some time rhile proton and antiproton 
bunches are injected prior to scccieratio” and 
storage. U”der these conditions the machine 
chromaticity has bee” observed to change by as much m 
70 units over the course of several hours. The data 
are consistent rith L decay of th. sextupola component 
of the 774 superconducting dipoles in tha ring. 
Yessurcments of individual msgncts in the Magnet Test 
Facility she. similar behavior. A” operating procadura 
has bee” devised to compensrte for the chromaticity 
chrngas .hicb giver 1 srtisfactory bsu lifetime. 

Introduction 

The chroms.ticit7 of the Tevatro” is s 
particularly important parameter for collider 
opentio”. First, since the machine operates sbars 
transit&z”, the chromsticity must be positive to avoid 
the head tail instability. Second, since the rf 
buckets ue almost completely filled for maximum buach 
intensity, the chromaticity must be small enough that 
the large q omeatun spread does “at crerta a tune 
spread rbich is too Lge. 

The lifetime of = .cs.k antiproton bass in the 
presence of P stroag proton beu is vcr7 sensitive to 
details of the working point. Ordinszily innocuous 
rcso”~ccs cull be devlat.ti”g in the presence of the 
beam-bea. interaction. In the Tevstron . . have chosen 
to work bctresn the 5th md 7th integer tune lines, 
rhcr. e tots1 to”. spread of about i.01 is wrilabla, 
free of reso”~ces up to 12th order. Tuna sprcds dua 
to the bcsm-beu interaction (which increaass the 
sstiproto” tunes), the space chugs tune shift (which 
only slightly dscrclses the proton tunes at 150 CsV), 
aad the sprcd du. to the chromsticity must rll bs 
accoamodatad rithi” this t.O1. 

An rf bunch of 3.1 sV-a occupies tlE-3 Ap/p at 
the 150 GeV i”jsctio” energy. The tune spread, 
du = I APIP, completely fills the rorking weti for 
(=lO. Since the ares is already slmost filled by the 
antiprotons due to the berm-bslrm tuns shift, the 
conclusion is that the chromaticity must ba no larger 
tha 1 or 2 units to avoid be- degradation. It can bc 
noted thrt the problem also exists at 900 CaV but the 
momentum spresd is = factor of 3 smaller md the 
constraints 0” the scccptrbls chromtiticity we 
corraspondingly~rclusd. 

Since the proton hunch intensities vs rlrasd~ 
approaching their design values of BElO, a11 of the 
contributions to the tune spread are present at their 
ultirrtc design values even though it is scq early in 
the history of the collider. And it hss bsen found 
that the chromaticity most be held to less tbs.” = fr. 
units to *void trans~else emittsnca gnmth md 
eventual beu loss. 

First Observations 

During the initial coasting btsm tests rith the 
Tcrstron, lugs chlngaa in the beu hchwior o.er the 
course of severs4 hours .ere shorn to be du. to 
cha”gss in ckoaaticity. Further, thara ..rs luga 
varirtio”s in i”itia1 tunes md chrouticitiaa rhich 
depseded o” the details of the recent history of the 
machine (e.g., whether the r-p had baa” turned off 
co.pletcly or ho. may rs.mp, to flat top had been 
performad before setting at 150 GeV). 

Ramp Sistoq 

Figdre. la and lb she. t.o extremes in the 
history of the machiae. In figure la, the machine had 
bee” ramping to 900 Ger every 2 minutes for the 2.5 
hours prior to setting at 150 GeV. the tunes as = 
functio” of time and momentum offset se shorn. The 
settings of the correction elements rhicb determine 
the tunes, chromsticities, ske. coupli”g, and closed 
orbit .sre much the sac ss u..d far fixed target 
opsrrtio” of the machine. The chroarticity ss shorn by 
tbs slope of the linss oo the plot is ezsilr seen to 
change in the tro planes, 
slo.1, ss time progresses. 
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Figure 1. Temporal chsngea of tune vs Ap/p while the 
Tentron energy is fixed at 150 GeV. Figure lr shows 
maassrcaants follo.i”s 2.5 hours of raaainn to QW 
CaV. Figure Ib sho.. &xreme”ts t&r” aftbr ; single 
ramp to 900 cav. 

Figure lb sho.s similu m.ssurema”ts rbere the 
histoq of the mrchin. is much different. I” this 
ca.m, there hd bee” z quench in L magnet, 
necessitating turning off all po.er supplic.. After 
rccorery the mz.g”ets .c,w ramped to 903 C.V. dom to 
90 CaV the” bxk to 150 CeV where the oeuurcments a” 
figure lb stutcd. The 80 GsV reset level is a feature 
of all ramp.. In case lb, the initial tu”.s arc quite 
different from case 1% as are th. initial 
chrouticities. The cuses of these change. is not 
understood in detail. The cons.quancs of the 
n*wursm*sts .w to isstituta za policy of starting 
sack 150 GsV stars .ith I seriaa of 6 ramp.. 
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The chromnticity of the mxhina, ignoring the 
settings of the correction saxtupolas, is given by 

& = -22.5 l <qPsb2> and 
(7 = -22.5 - <TPyb2>, 
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where -22.5 is the natural chromaticity of the 
machine, 7 the local dispersion function, p the 
betatron amplitude function. and b2 the coefficient of 
the sextupole component of the oagnets in the ring. 
The average is usually made over the 774 dipoles in 
the ring, where Magnet Test Faciiity {YTF) date were 
used for the initial operation of the Tevatron. 

Yeas”reme”ts of the change in chromsticity 
reported below were actually made by adjusting the 
correction sextupole circuits to obtain <=O. The 
uncorrected chromaticity wzs inferred by the currents 
in the sextupole circuits. This method has advantages 
over measuring tunes at different momentum offsets. 
The first is that the needed corrections are 
determined by the measurement. The second is that it 
is faster; one quickly sees that you are on the wrong 
side of eero because the beam becomes unstable and the 
resulting coherent transverse oscillations are easily 
seen on a spectrum aaalyaer connected to a position 
monitor. The number of synchrotron tune side bands is 
also a measure of the chromaticity. Ususlly one css 
quickly adjust the torrectian sextupole settings to 
eliminate the synchrotron sidebands, which implies s. 
chromaticity very near zero. 

In all of the data, the horieontal and rarticsl 
chromaticities were observed to change in equal and 
opposite directions. Since this behavior is consistent 
with a tims varying sextupole moment of the machine, 
re have interpreted the data in terms of the single 
parsmeter <b2>. The implication is that the sextupole 
moment of the 774 superconducting dipoles in the ring 
changes with time and the beam measurements are only 
sensitive to the average wer ~11 the dipoles. 

Data taken under controlled conditions 

Figure 2 shows the results of measurements wer 
many different stores. The abscissa is elapsed tins, 
starting from when the machine WM set to the 150 GeV 
injection level. In most cases there were a ramps to 
OW GeV preceding this event; prior to that, the 
machine “85 usually in s. 803 GeV store. The ordinate 
of figure 2 is the <bZ> inferred from setting the 
chromaticity prior to injecting protons and 
sntiprotons for collider operstion. Indicated at time 
sero is the value of <b2> found empirically during 
fixed target operation. In this case the hesm res 
injected about 2 seconds sfter the rsmp reset and ws 
immediately sccalarsted. 

The measurements using the elimination of the 
synchrotron sidebands have a systematic error 
associated with the variation of the momentum spread 
from day to day. (i.e., f, = a0 an, 

= fs,‘frev = 80147747. = .0011; if no 
synch&x tune line is seen and dp/p = *la-3, 

( < v./(Ap/p) = 1.7). In some cases the momentum 
spread can be smaller than lE-3 due to operational 
problems snd re have assigned a systematic error of *3 
units of { to the dnta on figure 2. Judging by the 
excellence of the fit to the exponential decay, this 
error is ~overestinated. 

Temperature wristions 

One of ths first things suspected as s cause for 
the change of <b2> with time was temperature 
vsriatioas. Certainly the D.C. remp at 150 GeY reduces 
the refrigerator load and one could imagine that the 
temperature rould change in, the superconducting 
magnets which could affect their field quality and in 

particular, the persistsot current sextupole. In fact. 
the temperature is rell monitored and does not change 
more than 0.1 degree Kelvin over the period of rte 
measurements. To account for a +2 Enit increase in 
<bZ> from a change in persistent currents one needs a 
temperature increase of sore than 3 degrees. 

Eddy current effects 

One hypothesis which still survives to explain 
the time variation of <h2> is due to Alvin Tailestrup 
(in B CDF note dated Dec. 10, 1986). Be supposes that 
the twisted superconducting filaments imbedded in the 
copper strands form tiny loaps which are closed by the 
copper itself. The copper is oat superconducting but 
it is cold and he.s = relatively low resistance. Thus 
L/E time constants of minutes or hours czn be 
imagined. As yet, there is no quantitative explanation 
based on this hypothesis and certainly no easy way to 
explain at least 2 separate time constants seen in the 
data. As well, the chromaticity is observed to be 
constant for long times during 900 GeV stores. This 
seem contrary to the most simple eddy current model. 
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Figure 2. Temporal variation of <b2> for the Tevatron 
with sell defined initiai conditions. For most of tbc 
data, the Tevatron was ramped 6 times to 900 CeV 
before being set at the 1.50 GrV injection level. 

Operational Cures 

During these early days of commissioning the 
Tevatron Collider preparations for antiproton 
transfers have usually tsken mare than aa hour. As 
seen in figure 2, most of the rapid variation in 
chromaticity has ended by then. It has been a simple 
matter to read the curse nnd set the <bZ> to give 
rcceptsbls chromaticities. In the near future this 
task sill be given to the program rhich runs the 
sccelcrator complex during Collider operation and, 
hapsfully, it will be done automatically. 

As the antiproton transfers become IK)IC routine 
and faster, one hopes that the normal time st 150 GeV 
nil1 become much less than one hour. In this case~the 
temparal vsriation of <b2> will have to ba mapped out 
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much more carefully and the corrections applied sore 
often. 

The biggest outstanding operationai problem is 
now the transition from the 150 GeV storage situar,ioo 
to the ramp to 9W GeV. There is mounting evidence 
that there are chromacicity variations at the 
beginning of the ramp which lead to transverse 
emittancc growth of both the proton and antiproron 
beams. Yore study is needed. 

Magnet Test Facility Data 

Figure 3 shows MTF messurements taken on a 
Teratron style coil of b2 ~ersw time. There is no 
iron around the coil and the data were taken for about 
15 minutes after the ramp stopped, but the general 
characteristics are as expected from the Tevatron beam 
measurements. Namely, there is a large change in the 
first 100 seconds and a slower rate of change in the 
next 16 minutes. WF data for periods longer than 15 
minutes do not exist. 

There are data from a few other coils which show 
similar behavior. These data were taken using a 
rotating Morgan coil. An MTF program of measuring the 
long time behavior of superconducting magnets is just 
starting. 

Conclusions 

An unexpected characteristic of the Tevatron has 
been investigated. Using beam measurements, the 
temporal variation of the sextupole component of the 
ensemble of magnets has been mapped out. Measurements 
of the behavior of a sm.all sample of test coils verify 
that superconducting magnets can have significant 
field quality variation with time. 

Operational problems associated with the 
demanding requirements of antiproton-proton collider 
operation have been (at least) temporarily solved. 
Future improvemeots will only be possible through 
further study and understanding. 
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Needed Improvements for Luminosity Upgrades 

Schemes for improving the luminosity often 
involve scaring antiprocans in ~bc Tentran for ionE 
periods while protons are repiaced regularly. This 
means decelerating and reacceierating the pbars. To do 
this without beam loss will require a very thorough 
knowledge of the sextupole behavior of the 
superconducting magnets in the ring. The temporal 
variations of the sextupole components add an 
interesting ner dimension to an already fascinating 
problem. 

Implications for the SSC 

While we have primarily discussed the 
chromaticity changes of the Tevatran as a function of 
time, one must also be concerned with other sextupole 
effects. And, since the only measurements re have made 
on the Teratron are of the ensemble average there is 
no knowledge of the temporal variations of individual 
dipoles. 

The SSC dynamic aperture is expected to be 
determined by the randomly distributed sextupole 
component of its superconducting dipoles. Care must be 
taken to insure that the SSC magnets hare sextupole 
components that do not imply a time variation of the 
random sextupole distribution. 
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Figure 3. Magnet test Facility data shoring b2 vs time for a test coil similar to 
the coils of Teratran magnets. Two different time constants arc seen in the first 
loo0 seconds. 


